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Stem Water Potential in Desert Willow Grown in Clinoptilolite Zeolite and In-Situ 
Riparian Soil 
Abstract 
Reestablishing native vegetation in riparian areas of southwestern United States is difficult 
because of the reduction of natural floods by channelization practices, timing of rainfall , and 
competition against saltcedar. A previous study demonstrated that clinoptilolite zeolite (CZ) 
could be used as a wicking material to raise sufficient moisture from shallow groundwater ( < 3 m 
deep) to sustain plant establishment and growth. However, no studies have explored the effects 
that CZ has on water stress in established vegetation. This study evaluated the stem water 
potential (\Jfstem), which increases when plant water stress increases, of desert willow ( Chilopsis 
linearis) grown in CZ cores or in-situ riparian soil (RS) as part of a riparian zone restoration 
study in Sunland Park, New Mexico. Root zone volumetric moisture content (0v), plant \j/stem, and 
leaf chlorophyll content (LCC) for three to four randomly selected specimens in each substrate 
treatment within different depth to groundwater (DGW) zones were undertaken from June 7 to 
July 7, 2016. Results from the study showed that in a DGW zone of2 m, plants grown in CZ 
had significantly lower \j/stem (less water stress) than plants in RS, but in the 1.4 m DGW zone, 
the RS treatment had significantly higher soil moisture and less water stress. This demonstrated 
that the effectiveness of CZ in reducing water stress is a function ofDGW. Root zone 0v was 
negatively correlated with \j/stem, but this relationship was weaker for CZ treatments. Most 
treatment 8v and LCC averages decreased while \Jfstem increased over the course of the study. This 
was related to low precipitation and the consistent increase in mean temperatures, with daily 
maxima reaching as high as 41 °C and during the study period. These results can be used to 
determine the appropriate groundwater conditions where CZ could be used in future urban 




Disruption of historical flooding patterns, dominance of invasive species such as saltcedar 
(Tamarix spp.) and deeper groundwater tables in many riparian regions of southwestern United 
States have resulted in fragmented and unhealthy riparian ecosystems (Stromberg, 2001; 
Shafroth et al. , 2008). Restoring these riparian zones in urban environments is critical because 
healthy riparian zones positively impact water quality and aid in stormwater management. 
However, reestablishing native vegetation in these areas is difficult because of the reduction of 
natural floods by flow control and channelization practices, the timing of rainfall , and 
competition against saltcedar (Dreesen et al. , 2001). Typically, revegetation methods that rely on 
irrigation are expensive and labor intensive (Dung et al. , 2011), and those which depend on 
precipitation and capillary rise from shallow groundwater face high chances of plant desiccation 
(Dreesen and Fenchel, 2010). It is necessary to investigate new revegetation methods that 
improve survival rates while conserving resources . 
A previous study demonstrated that clinoptilolite zeolite (CZ) could be used as a wicking 
material to raise sufficient moisture from shallow groundwater to sustain plant growth (Dung et 
al. , 2011). Clinoptilolite zeolite can help improve the success ofrevegetation efforts by reducing 
dependency on rainwater or irrigation, especially during early establishment phases that coincide 
with the dry season in the southwestern U.S. Previous studies have shown that CZ can increase 
capillary rise in sandy soils, but no studies have expfored the effects that CZ has on water stress 
in established vegetation. Before a CZ borehole revegetation method can be made available to 
ecosystem managers, it is important to determine if plants established in CZ experience hydric 
surpluses or stresses as compared to those grown in untreated in-situ riparian soil (RS). This 
study focuses on desert willow (Chilopsis linearis) and its stem water potential as an indicator of 
water stress. The investigation is being conducted in an urban riparian site in Sunland Park, New 
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Mexico as part of the multi-institutional research program Reinventing the Nation's Urban Water 
Infrastructure (ReNUWit) coordinated by an engineering research center at Stanford University. 
Determining if desert willows planted in CZ cores have lower levels of water stress than those 
planted in in-situ RS with similar groundwater and climactic conditions is the main research 
objective. The effects of various depths to groundwater (DGW) on water stress in desert willow 
planted in either CZ or sandy RS will also be explored. It is expected that shrubs planted in in-
situ RS will experience higher water stresses and that water stress will increase as DGW 
mcreases. 
Background 
Riparian Restoration Projects 
The services that riparian zones provide include erosion and runoff control, channel 
stabilization, and fish and wildlife habitats. Restoring these areas with native plants can have 
positive impacts on the surrounding ecosystems, water quality, and local recreational activities 
(Dreesen et al. , 2001 ). The need to restore riparian areas along the Rio Grande and other 
waterbodies in New Mexico has inspired research projects that explore the wide variety of 
conditions and challenges associated with reestablishing native plants in an arid environment. 
One of the issues that led to riparian zone degradation along the Rio Grande is the 
competition between native plants and invasive species like saltcedar. Taylor and McDaniel . 
(1998) studied a revegetation effort after saltcedar removal along a Rio Grande channel in the 
Bosque Del Apache National Wildlife Refuge near Socorro, NM. Planting prescriptions were 
based on site characteristics such as soil texture, salinity, and depth to water table. Different 
planting techniques included the planting of cottonwood and black willow poles augered to the 
water table and the much more expensive method of supplemental drip irrigation. Propagated 
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shrub seedlings were planted in holes that were dug to the water table and then refilled to aid in 
root penetration. The shrubs were flood irrigated every other month during the first growing 
season. The survival rates of shrubs such as wolfberry, New Mexico olive, and fourwing saltbush 
ranged from only 30 to 66%, but they were offset by natural regeneration. Although planted 
shrub survival was not as good as that of the cottonwood and black willow poles, replacing 
homogenous saltcedar stands with native riparian communities improved the area' s biodiversity. 
For a different project along the Santa Fe River near Cochiti Pueblo in New Mexico, 
Gooding' s willow poles had a survival rate range from 60 to 76% (Dreesen et al. 2001). In 
another project on the Corrales Reach of the Rio Grande River, the Gooding' s willow survival 
rate was 87% on sites with shallow water tables (0.9 - 1.5 rn) and cohesive soils. Survival rates 
were lower, ranging from 48 to 72%, for the same species at sites with dry, gravelly sand. The 
average survival rate ranged from 30 to 84% for poles of New Mexico olive, desert false indigo, 
and seepwillow. Meanwhile, coyote willow survival was an outstanding 99%. 
Flooding in a properly functioning riparian zone normally creates the right soil disturbance, 
moisture, and nutrient conditions for native plant establishment. However, human interferences 
such as darns and levees have changed flood timing and duration, sediment dynamics, and 
channel movement. A study by Taylor et al. (1999) near the Rio Grande within the Bosque del 
Apache Wildlife Refuge showed that greater coyote willow and cottonwood seedling densities 
could be found near deposits created by secondary channels. The rnicrotopography and sediment 
deposits created by natural flooding and secondary channel formation were beneficial to seed 
germination and establishment. The study also showed that low soil moisture and water 
stress had significant negative effects on seedling density and survival. Taylor et al. (1999) 
concluded that removing saltcedar along with peak flows in May or early June could help restore 
4 
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river fluvial processes, increase channel movement, and help increase native seedling 
establishment rates. 
Characteristics of Clinoptilolite Zeolite 
Clinoptilolite zeolite (CZ) is a naturally-occurring mineral with a tetrahedral molecular 
structure and a honeycomb arrangement that allows for the storage of water, air, and various ions 
(Dung et al. , 2011 ). It has a low density, high porosity, high degree of saturation, and high 
cation exchange capacity. Commonly used in agricultural applications, its high absorptive 
capacity allows it to retain important plant nutrients (Polat et al. , 2004). 
Experiments have been conducted using CZ from St. Cloud Mining Company to determine if 
CZ has the ability to wick shallow groundwater to the root zone (Dung et al. , 2011). The results 
of the study by Dung et al. (2011) showed that saturated hydraulic conductivity increased from 
8.32 x 1005 emfs to 1.26 x 10°4 cm/s when CZ was added to clay, and decreased from 2.40 x 
1 ou3 cmf s to 4.43 x 10°4 cmf s when CZ was added to alluvial sand. Both conditions are 
desirable for plants - a higher saturated hydraulic conductivity in clay soils would improve 
drainage, while a lower saturated hydraulic conductivity in sandy soils would improve water and 
nutrient retention. Fine CZ samples packed in Plexiglass columns demonstrated a capillary rise 
of 1.50 m in 22 days and a total of 3 .17 m after 360 days. The highest available water content of 
25.4% was found in fine CZ, which had a texture similar to a loam soil. Although adding clay . 
also increased the capillary rise in sandy soils, zeolite is preferred for field applications because 
its availability on the market makes it a more practical choice. 
Description of Stem Water Potential 
Measuring stem water potential is the most common way to determine plant water status 
because it is the driving force behind water movement in a plant. It is one way to measure plant 
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water stress, and a higher stern water potential corresponds to more water stress. According to 
Turner (1988), using a pressure chamber for this measurement is the least time-consuming and 
most straightforward and reliable technique. Plant water status is an important factor in irrigation 
scheduling because water availability is a limiting factor for plant growth and water stress 
impacts productivity. In a study by Deb et al. (2012) about pecan trees in New Mexico, stem 
water potential was measured using a pressure chamber (Model 1000 with digital gauge; PMS 
Instrument Company, Albany, OR) and volumetric soil moisture content, 0v, was measured using 
time domain reflectometry. The results of the study showed that soil texture influences pecan 
stress, midday measurements of stem (\j/stem) and leaf water potential (\j/Ieaf) in mature pecans 
should be done between 1400 and 1500 hours Mountain Standard Time, MST, and that there is 
more water stress in the upper canopy compared to the lower canopy (Deb et al. 2012). A 
subsequent study by Deb et al. (2013) looked at soil water depletion for mature pecans in 
different soil textures and used similar methods, with the exception of midday stem water 
potential being measured between 1200 and 1400 hours MST. In this study, stem water potential 
tended to decrease, or become more negative, with decreasing soil water content (Deb et al. 
2013 ). This meant that plants in areas with low 0v had higher levels of water stress. 
Methods 
Study Location and Description 
The Sunland Park Test Bed is in the south end of the Lower Rio Grande Basin about 8 km 
northeast of Sunland Park, NM, which is close to the borders between the states of New Mexico 
and Texas in the U.S. and the state of Chihuahua in Mexico. The climate of Santa Teresa, NM, 
which is located 3.2 km northwest from the site, is described as semiarid with high and low mean 
annual temperatures of 25°C and 8.7°C, (Your Weather Service, 2016) with extreme 
temperatures ranging from 41.7 °Con July 2, 2005 to -50.6 °Con February 3, 2011 (NOAA, 
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and is drought tolerant (Gilman and Watson, 1993) but prefers dry washes and floodplains 
(Shaw, 2011) where their roots can be in contact with groundwater all year (Uchytil, 1990). Due 
to these characteristics, it was thought that desert willow would be sensitive to different DGW 
and soil moisture levels at Sunland Park, especially during their first growing season before 
becoming fully established. Between three to four randomly selected desert willow plants were 
selected per substrate treatment (CZ or RS) per DGW zone for measuring their stem water 
potential and soil volumetric moisture content. 
Legend 
• Cottonwood 
• Desert Willow 
• Pa le Wolfberry 
~ Fourwin9 $altbu~h 
A Black Willow 
0 25 50 100 150 200 
Meters 
Figure 1. Map of the Sunland Park Test Bed riparian rehabilitation area showing planting zones 
for five native plant species and groundwater piezometers 
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Borehole Installation and Shrub Transplanting 
Between February 22 and April 17, 2015, 73 CZ boreholes were drilled and 152 plants were 
transplanted for the 2015 growing season. An additional 44 CZ boreholes were drilled between 
February 2 and March 16, 2016 and 132 shrubs were transplanted between February 26 and 
March 16, 2016. However, some of the shrubs had to be replanted on April 22, 2016 because the 
original desert willow and fourwing saltbush seedlings were very small, had small roots, and 
kept getting buried by blowing sand during the windy months of March and April. The purpose 
of the 2016 borehole installation and planting was to complete the planting design that began in 
2015 and to replace the specimens that died. 
For the CZ borehole installation procedure, each borehole was dug using a 7.2 cm diameter 
hand auger bucket until the water table was reached. Immediately after completing the borehole, 
dry CZ with fine-medium granular size alternating with about 6 L oftap water was poured into 
the borehole until it was filled up to 30 cm below the ground surface. Adding water accelerated 
the CZ settling process and helped avoid the creation of any air pockets that would obstruct 
capillary rise. The plant was then placed in the open space of the borehole, making sure that the 
roots where completely in contact with the CZ column. The space between the top of the CZ and 
ground surface was backfilled with a mixture of CZ and RS to allow the in-situ soil microbes to 
acclimate within CZ. 
Groundwater Monitoring 
Depth to groundwater (DGW) measurements were taken at four groundwater piezometers 
during frequent trips to the site from January to July 2016. A cloth measuring tape with a 
counterweight at the bottom was used to measure DGW. The piezometers were installed between 
June of2014 and June 6, 2016 by augering with 7.62 cm diameter hand auger buckets and 
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inserting variable length 5.08 cm diameter PVC slotted screens and risers appropriate for every 
location. The locations and names of the piezometers where DGW measurements were taken for 
this study are shown in Figures 1 and 2. 
Soil Moisture Content Measurements 
Volumetric soil moisture content, 0v, within the root zone was measured in the three to four 
randomly selected desert willow boreholes in each substrate treatment (CZ or RS) per DGW 
zone by using time domain reflectometry. The purpose of taking these measurements was to 
correlate root zone 0v to \Jf stem in each measured desert willow specimen. A HydroSense II sensor 
(Campbell Scientific, Logan, UT) was inserted in a hole dug next to the specimen at a depth of 
about 30 cm. The sensor reported 0v and period, the time it took for a wave to be sent and 
reflected back to the sensor. This time corresponded to the amount of moisture present in the 
soil. 
To classify soil types in the revegetation zones, soil samples were collected from nine 
different boreholes. The site was split into three transects (south, center, and north) and 
boreholes were dug within each of the three zones for an individual transect. Both soil moisture 
can and larger bagged samples were collected at depths of 0, 1, 2, 3, 4, and 5 ft . About 200 g of 
each selected sample was sent to the AgSource Harris Laboratory in Lincoln, NE to measure 
some soil chemistry parameters, nutrients availabl~ for plant growth, and soil texture. 
10 
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Figure 2. Map of desert willows grown in RS soil and CZ cores at the Sunland Park Test Bed 
Monitoring Desert Willow Health and Survivorship 
Health condition and survival was monitored for a total of 16 desert willow plants in Zone 1 
and another 16 plants in Zone 2 (Figure 2). Each plant received a rating of dead, wilting, 
stressed, healthy, or vigorous based on observations of leaf color, presence or absence of flowers 
and seedpods, and growth. This qualitative scale was converted to a numeric scale from 1 to 5, 
with 1 being dead and 5 being vigorous. An average health condition for the different treatments 
within each plot was detennined by averaging the health condition scores for the plants in each 
treatment. The survival fraction was the number of plants in RS or CZ that had a rating greater 
than 1 out of the total number of plants for that treatment within a certain plot. 
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To test whether CZ substrate treatments in each DGW zone had greater health condition and 
average vegetation parameters (stem potential, soil moisture content, and leaf chlorophyll 
content) than the RS treatments the non-parametric rank tests in the Mann-Whitney-Wilcoxon 
procedure were used (Dowdy et al., 2004). The tests were used to compare average ranks from 
paired distributions of desert willow measurements from CZ and RS treatments displaying a lack 
of normality and reduced number of observations, N. The level ofrejection (a) was set as 0.10 
instead of the classical 0.05 value since for the RS treatment in Zone 2, reduced N due to 
mortality was not large enough for the CZ-RS interaction to achieve a p value of 0.05 . For all 
tested parameters, the null hypothesis, Ho, stated that the rank average for a CZ treatment sample 
was that of a random sample and the alternative hypothesis, Ha, stated that the rank average in 
the CZ sample was higher ( or lower in the case of \If stem) than that of a random sample. 
Measurement of Stem Water Potential 
Stem water potential for the selected desert willow plants was measured using a pressure 
chamber (Model 1000, PMS Instrument Co., Corvallis, OR). Stem potential measurements were 
performed on June 7, June 27, and July 7, 2016 for three to four selected specimens per substrate 
treatment in zones 1 and 2. For a selected plant, two to three aluminum foil bags were placed 
firmly on individual leaflets, completely covering them. According to Fulton et al. (2001 ), 
bagging the leaves decreases heating and allows the leaf matric potential (\IIIeaf) to equilibrate to 
. . 
\If stem and to stop transpiration. The bags remained on the plant for a minimum of one hour and 
the petioles of the bagged leaflets were excised a few minutes before measuring \j/stem- The 
leaflets were inserted into the pressure chamber and compressed nitrogen gas was released 
slowly until a drop of sap appeared on the edge of the shoot. The amount of pressure at this 
point was recorded as the \j/stem, All measurements were conducted between 1100 and 1400 
12 
hours, Mountain Standard Time as suggested by Deb et al. (2012), when maximum climatic 
stress conditions occur. 
Measurement of Leaf Chlorophyll Content 
Leaf chlorophyll content was measured with a chlorophyll meter (Model SP AD 502, Minolta 
Co. , Ltd, Plainfield, IL) for the same desert willow specimens selected for measuring their \jfstem-
In the chlorophyll meter, light is transmitted through the leaf in the wavelength regions of red 
light (peak intensity at 650 nm) and infrared (peak intensity at 940 nm), where the absorption by 
chlorophyll is unique. The amount oflight transmitted through the leaf is converted to a SP AD 
value, which corresponds to the amount of chlorophyll present in the leaf. Six leaves were 
collected from each plant - one from each of the four cardinal directions, one from the top, and 
one from the bottom. These samples were bagged, labeled, and placed in a co~ler to be 
transported to the laboratory for a later measurement. The leaves remained at a temperature of 4 
~C until they were measured. The SPAD unit results for the 18 to 24 leaves collected per 
substrate treatment in each zone were averaged together to obtain an average leaf chlorophyll 
content for each substrate. 
Results and Discussion 
Soil Moisture Content 
The soil moisture measurements showed that in Zone 1, soil moisture content (0v) was 
slightly higher for sandy RS as compared to CZ boreholes but not statistically different. The RS 
treatment in Zone 1 probably had a slightly higher 0v than the CZ treatment because the three 
measured RS boreholes were located where the DGW was the shallowest of all the revegetation 
zones. The piezometers SP2 and SP3 were installed near the two ends of this zone and DGW 
measured in these piezometers between June 1 to July 13, 2016 ranged from 0.62 mat SP3 to 
13 
0.85 mat SP2. Zone 2 had slightly higher 0v values for the CZ cores. The capillary rise in CZ 
caused 0v to be higher than in the RS, which was very dry due to the deeper DGW in Zone 2 and 
lack of rainfall. The average DGW in the CZ boreholes in Zone 2 was 2.0 m during 
transplanting. The highest value for 0v in RS was 10.10 ± 3. 78% for Zone 1, while the highest 0v 
value in CZ was 9.00 ± 1.96 % for Zone 2 (Figure 3). However, 0v was not statistically greater in 
the CZ cores as compared to RS in either zone. With the exception of RS media in Zone 1, 0v 
tended to decrease for all the treatments at both zones throughout June and July 2016 (Figure 3). 
A weather station installed at the site provided climatic information to correlate climatic factors 
to health condition and plant \jfstem, The total rainfall at the Sunland Park site during the study 
period was very low, only 5.3 mm, and the average daily temperature was 27.7 °C. These 
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Figure 3. Changes in volumetric moisture content over time for desert willow grown in RS and 
CZ cores within zones 1 and 2 
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Health Condition and Survival Rates 
The health condition results show that desert willows grown in RS had a higher average 
health condition than those grown in CZ in Zone 1, while the opposite was true for Zone 2 
(Table 1 ). The survival fraction ranged from 7 /1 6 for zeolite to 15/16 for sand in Zone 1 and 9/16 
for sand to 13/16 for zeolite in Zone 2. The survival results in Zone 1 may not be as 
representative because of different quantities and seedling sizes used for planting in 2015 and 
2016. The deeper DGW in Zone 2 likely affected the survival fraction of the RS treatment, but 
survival was higher for CZ cores that were able to wick groundwater to the root zone (Table 1). 
The total survival rate ranged from 44 to 94%, which is comparable to ranges found in previous 
studies (Taylor & McDaniel, 1998; Dreesen et al. , 2001 ). 
Table 1. Health condition and survival results for Zone 1 and Zone 2 as of July 7, 2016 
Average Health Survival Survival Interaction 
Zone Substrate 
Condition Fraction Rate,% P-value 
-- ----
RS 3.94 ± 0.21 15/16 94 
1 --- -- -- ----- 0.999 
CZ 2.31 ± 0.38 7/1 6 44 
--
RS 2.19±0.31 9/16 56 
2 - - - - 0.015 
CZ 3.38 ± 0.3 1 13/16 81 
-- - -----
Stem Water Potential 
Stem water potential was measured on 3-12 leaflets (2-3 leaflets per plant) per substrate 
treatment for each DGW zone on June 7, June 27 and July 7, 2016. High levels of stress and 
mortality among transplanted desert willow specimens affected the leaflet availability, which 
resulted in a reduction in the number of measurements over time. Measured \If stem values 
increased over time during the month of June and the first week of July, 2016 (Figure 4). This 
occurred since only 5.3 mm of precipitation fell during this period. In addition to little rainfall , 
15 
the mean daily temperature increased from 21 to 31 °C with daily maximum temperatures 
reaching as high as 41 °C. Soil moisture content measured in selected vegetation boreholes also 
tended to decrease during this period as discussed in the last section. 
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Figure 4. Stem water potential results for Zone 1 and Zone 2 
Results from \j/stem measurements showed that the effectiveness of CZ for decreasing plant 
water stress was dependent on DGW. The CZ treatments in Zone 2 had consistently statistically 
lower (less.negative) average \j/stem values than those for RS treatmvnts in Zone 2 (p = 0.002 -
0.06) and that \j/ stem averages from CZ treatments were similar across zones 1 and 2 (Figure 4). 
This was the result of higher 8v in the CZ boreholes as compared to RS boreholes due to the 
capillary action of the CZ media wicking the shallow groundwater to the root zone of 
transplanted vegetation. Unexpectedly \j/stem measured at CZ treatment in Zone 2 was slightly 
16 
lower than that at Zone 1 but no significant differences were found between zones (p = 0.90 -
0.95). See Figure 4. 
Collected \j/stem data also indicated that for the RS treatment, measured \j/stem was much higher 
in Zone 2 as compared to Zone 1. Large differences in measured \j/stem for RS treatments between 
zones 1 and 2 were the result of differences in DGW within zones. From February 12-19, 2016 
when the CZ boreholes of Zone 1 were drilled, their DGW varied from 1.1 to 1.8 m (weighted 
average = 1.4 m; N =19). This weighted average DGW included SP2 and SP3 measurements 
located in the north and south ends of Zone 1, respectively. For the CZ boreholes drilled from 
February 5 to February 16 in Zone 2, DGW varied from 1.4 to 2.7 m (weighted average DGW = 
2.0 m; N = 22). These results demonstrate that the desert willows grown in CZ boreholes display 
reduced stress rates as compared to those shrubs transplanted in native sandy loam soil in sites 
where the DGW is 2.0 m (Zone 2). These results also indicate that for a riparian zone where the 
DGW is only 1.4 m, use of CZ as a wicking material is not necessary and it does not offer any 
advantages due to the normal capillary rise of in-situ RS. 
When \If stem is compared to 0 v measured at 30 cm deep for the same plant and borehole, 
respectively, \jlstem tended to decrease linearly as 0 v increased for the RS boreholes regardless of 
DGW (Figure 5). A study by Deb et al. (2013) that used the pressure chamber technique and 
time domain reflectometry found a similar inverse linear relationship between \If stem and 0 v 
measured in a sandy loam and silty clay loam soils in a matu~e pecan orchard. Nevertheless, by 
comparing 0 v at 30 cm deep and \j/stem for the CZ treatments at both zones only a weak linear 
relationship given by a small negative slope was found. This means that 0 v at 30 cm deep does 
not correlate well to \jlstem for shrubs grown in CZ because the roots were likely connected to CZ 
at a deeper point, and CZ was wicking moisture from shallow groundwater into the root zone. 
17 
Therefore, the variations in 0 v near the surface of the boreholes do not affect plant 'If stem in CZ as 
much as for the RS boreholes. 
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Figure 5. Stem water potential vs. volumetric moisture content for both DGW zones 
Leaf Chlorophyll Content 
The leaf chlorophyll content results show that desert willow grown in CZ in Zone 1 had 
statistically higher LCC as compared to those grown in RS boreholes (p = <0.001 - 0.048). 
Nevertheless in Zone 2, RS treatments had significantly greater LCC than those in CZ even 
though the p-values were not calculated since the tests only evaluated one tail of the distribution. 
• Unexpectedly the shrubs established in RS boreholes at Zone 2 had the largest LCC from all 
measured treatments despite experiencing reduced 0v and high water stress levels (Figure 6). 
These results remain unclear to us. Additionally, no clear relationship between LCC and \j/ ste m or 
between LCC and 0v was determined. Similar to 0v measurements, the LCC values tended to 
decrease over time. As discussed previously, as time progressed during June and July, 0 v 
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Figure 6. Leaf chlorophyll conterrt changes over time for Zone 1 and Zone 2 
Conclusion 
The water stress levels of transplanted desert willow shrubs in RS and CZ boreholes were 
evaluated as part of a revegetation project at an urban riparian site near Sunland Park, NM. This 
project was a component of the NSF-funded Reinventing the Nation' s Urban Water 
Infrastructure (ReNUWit) multi-institutional program. Fine-medium grade CZ was used to wick 
shallow groundwater via capillary rise to the root zone of transplanted vegetation at the Sunland 
Park Test Bed. Between the springs of 2015 and 2016 a total of 117 native plants were 
transplanted in CZ-filled boreholes drilled to groundwater, and 174 plants were transplanted in 
unamended in-situ RS to act as control. The vegetation was planted in four concentric plots 
within three different DGW zones and the plants included three shrub and two tree species 
commonly found in the Lower Rio Grande basin. Because of its sensitivity to changes in DGW 
and 0v, three to four randomly selected desert willow specimens were chosen in each substrate 
treatment in different DGW zones to monitor their health condition and survival, stem water 
19 
.. 
potential, leaf chlorophyll content, and soil moisture content. Measurements were taken biweekly 
during June and July of 2016. 
Results from the study showed desert willow grown in RS had a higher survivorship (15/16) 
as compared to those grown in CZ (7/16) in Zone 1 where DOW was shallower (1.4 m). 
However, survival results in Zone 1 may not be representative because of different seedling 
quantities and sizes used for transplanting in 2015 and 2016. In Zone 2 with deeper DOW (2 m) 
desert willow grown in CZ had a statistically higher (p = 0.015) survivorship (13/16) as 
compared to those grown in RS (9/16). 
Larger DGW corresponded to higher water stress levels for specimens grown in RS 
boreholes but water stress remained similar for CZ treatments from both DGW zones. Therefore, 
the application of the CZ wicking technique increases the establishment rates and results in lower 
water stress levels in areas where DGW is 2 m or deeper. For zones where the DOW is only 1.4 
m, use of CZ does not offer advantages due to the normal capillary rise of in-situ RS. Root zone 
0 v was negatively correlated with \j/stem, but this relationship was weaker for plants grown in CZ. 
The weaker relationship for CZ treatments indicates that since plant roots were in contact with 
CZ media at deeper depths, variations in 0 v near the borehole surface did not affect \j/stem in CZ 
treatments as it did for plants in RS boreholes. 
Most treatment 0 v and LCC averages decreased over the period analyzed while \j/stem 
increased. This was related to the increase in daily mean temperatures from 21 to 31 °C with 
daily maximum temperatures reaching as high as 41 °C and low total rainfall depth of 5.3 mm 
during the study period. 
20 
In the future, stem water potential measurements need to be continued for an entire growing 
season to study the plant response in CZ boreholes for a complete growth cycle. Future studies 
also need to evaluate the cost-effectiveness of this method as compared to other common 
methods used to revegetate arid riparian regions. The practical guidelines presented in this study 
can increase the effectiveness of using CZ as a wicking material and can help make more large-
scale applications in urban riparian restoration efforts possible. 
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